The atria contribute 25% to ventricular stroke volume and are the site of the commonest cardiac arrhythmia, atrial fibrillation (AF). The initiation of contraction in the atria is similar to that in the ventricle involving a systolic rise of intra- --
Introduction
Increasing longevity of the human population presents a demographic timebomb of cardiovascular disease. Several epidemiological studies have demonstrated a dramatic increase in the prevalence of atrial fibrillation (AF) in elderly populations with an incidence ,0.5% in people ,50 years of age and in excess of 20% in those over 80 years of age. 1, 2 In addition to the direct effects of the arrhythmia or high atrial rate on ventricular stroke volume noted in some studies, 3, 4 there is also strong association between the presence of AF, occurrence of adverse outcomes following cardiac surgery, 5, 6 and overall development of cerebrovascular stroke. 7 However, despite the significant increase in our understanding of the cellular mechanisms that promote and support the maintenance of AF in animal models 8 -12 and human atrial myocytes, 13 -17 there is still a pressing need for improved therapies for preventing AF development as well as termination of pre-existing AF. Given the central role that Ca 2+ plays in initiating contraction and controlling the inotropic status of the heart and as a key cause of many types of cardiac arrhythmia, it should be of no surprise that much of our understanding of how atrial function is regulated and the cellular mechanisms of AF has been gleaned from numerous studies investigating atrial cellular Ca 2+ homoeostasis and has been the subject of several recent reviews. 18, 19 However, as will be reviewed herein, much of this extant understanding of how atrial excitation contraction coupling is regulated and hence potentially perturbed in diseases where AF is prevalent has been based on studies performed in small laboratory species. As will be discussed, recent data provide compelling evidence for fundamental structural differences between atrial myocytes from smaller laboratory species and larger mammals, including humans. These structural differences, or more specifically, the presence of a well-developed T-tubule network in atrial cells from large mammals, including humans, 9, 20, 21 should profoundly alter our view of atrial Ca 2+ homoeostasis and the potential relevance regarding its perturbation in a disease setting. We will (i) compare normal Ca 2+ homoeostasis between atrial and ventricular cells, (ii) describe the role of T-tubules in atrial cells and how they impact on the generation of the systolic Ca 2+ transient and inotropic responsiveness of the atria, (iii) consider whether microdomains of elevated [Ca 2+ ] i arise as a consequence of atrial T-tubules and whether this impacts on diastolic [Ca 2+ ] i , (iv) discuss the factors that may be important in the formation of Ttubules, and finally, (v) address the potential role of T-tubules in the pathophysiology of AF.
Atrial excitation contraction coupling
As in the extensively studied ventricle (for comprehensive review, see Bers 22 ), contraction in the atria is initiated by the systolic rise of [ 23 Some of these differences, for example, the accelerated rate of relaxation, are largely biochemical in origin; atrial cells have a higher ratio of SERCA to its inhibitory peptide phospholamban. 23, 27 However, in other cases such as the heterogeneity of the systolic Ca 2+ transient in atrial cells, the cause appears to be of a structural nature, given that atrial cells from smaller species either completely lack or possess only a rudimentary T-tubule network ( Figure 1A ).
Rudimentary T-tubule network in small laboratory species
As noted above, in some instances in atrial cells from smaller laboratory species, including the rat 28 and the mouse, 29 a 't-tubule' network is sometimes observed. However, in these smaller species the atrial Ttubule network tends to be architecturally distinct from that present in the ventricle. In ventricular cells, the dominant T-tubule features run perpendicular to the long axis of the cell along each z-line with branching between adjacent tubules 30 -32 (see Figures 1A and 2A) .
Conversely, in those atrial cells that possess t-tubular structures, the network or transverse axial tubules (TATs) tend to run mainly along the long axis of the cell and appear relatively disorganized compared with ventricular structures (see Figures 1A and 2A) . 41, 46 With regard to the second point, conclusive experimental evidence in the atria is lacking for whether TATs are electrically coupled to the surface sarcolemma and therefore depolarize upon arrival of the action potential; conclusive experimental evidence in the atria is lacking. However, at least in the ventricle tight electrical coupling between the surface sarcolemma, transverse (t), and axial (TAT) tubular network occurs. 47 However, and potentially of particular relevance to small mammalian atrial cells where the TAT network appears quite disordered, in heart failure where the TAT network of ventricular cells is disrupted, the electrical coupling between the surface sarcolemma, remaining T-tubules, and the TAT network decreases. 47 2. initial concept that (most) human atrial cells lack a well-developed Ttubule network has recently been revised by several studies demonstrating that atrial cells from large mammals (including humans) possess a well-developed and functional T-tubule network. 9, 20, 21 In the following sections, we will review how this T-tubule network impacts on the systolic Ca 2+ transient and the consequences of its remodelling in cardiac pathological states. However, the mere presence of this T-tubule network fundamentally alters our understanding of how atrial excitation contraction coupling is controlled and may be a significant factor predisposing large mammals to spontaneously develop, and sustain, AF. As such, careful consideration should be given to the animal model used for future mechanistic and therapeutic studies of AF.
A functional T-tubule network is present in the atria of large mammals
Dibb et al. 21 and Lenaerts et al. 9 both reported in 2009 that atrial myocytes isolated from the sheep possess a well-developed T-tubule network that was, respectively, disrupted in heart failure and AF. Figure 2 provides the important observation that atrial Ttubules are not restricted to the sheep and that an extensive Ttubule network in several large mammalian species including, humans. 20 However, the extent of the T-tubule network across these species, and indeed within the human atrium ( Figure 2E ), does exhibit some variability. Such variability may be due to regional differences (left vs. right atria; appendage vs. free wall, etc 9, 20, 21 ) or more simply arise as a consequence of heterogeneity in cell size with narrower cells having fewer T-tubules than wider cells. 20 However, the prospect of inter-atrial differences in T-tubule density (left vs. right; compare Dibb et al. 21 and Lenaerts et al. 9 ) does raise the interesting possibility that differences in T-tubule distribution may be, through an impact on ion channel distribution and cellular Ca 2+ homoeostasis (see section 5), causally linked to the development of AF which is more commonly initiated in the left than right atria 57 In view of the presence of an extensive t-tubular network in larger mammals, albeit to slightly differing extents between atrial regions and species, two important questions are (i) is this t-tubular network functional? and (ii) does the T-tubule network impact on the control of the systolic Ca 2+ transient? As illustrated in Figure 3 , the T-tubules found in sheep atrial cells lead to the generation of a Ca 2+ transient that rises simultaneously at the cell edge and cell centre; this is in stark contrast to that observed in smaller species where the T-tubule network is essentially absent ( Figure 1B) . That the systolic Ca 2+ transient at the cell edge and centre has the same temporal profile 21 has two important implications: it suggests that (i) functional couplons are present along the T-tubule network and (ii) the T-tubules are depolarized at the same time as the cell surface; the anatomical arrangement of atrial cells where T-tubules are present is depicted schematically in Figure 3D . In summary, the presence of couplons at the cell surface and throughout the depth of the atrial myocyte along the z-line/t-tubule axis leads to uniform triggering of Ca 2+ release throughout the cell.
Atrial T-tubules and regulation of systolic Ca 21
The preceding discussion identified the presence of a functionally relevant T-tubule network in the atria of large mammals, including humans. This, therefore, necessitates a revision of the concepts of the processes initiating and hence regulating the atrial systolic Ca 2+ transient. However, considerable additional work is required to establish how important this atrial T-tubule network is for altering or As discussed in Section 2.2, where T-tubules are absent in atrial myocytes of rodents, etc; Ca 2+ sparks occur preferentially around the cell periphery. In contrast, based on findings in ventricular cells, there is good reason to believe that in atrial cells possessing a well-developed T-tubule system, Ca 2+ sparks are at least equally, or more, likely to occur in the cell interior/along z-lines; indeed such a predilection for Ca 2+ sparks occurring in the cell interior has been noted in some human atrial myocyte studies. 62, 63 The premise of this prediction is based on the existence of functional couplons along the length of the T-tubule, a well-organized z-line distribution of RyRs 9,63 (schematically summarized in Figure 3D ), both of which would facilitate Ca 2+ sparks with z-line localization. 76, 77 ; thus, there must also be a mechanism under these circumstances to maintain the SR Ca 2+ content. The second relevant consideration concerns the localization of DAD inducing NCX antiporters and T-tubule remodelling that occurs in the atria in heart failure 21 and AF. 9 At least in the canine atria where immunolocalization studies have been performed, NCX is concentrated along Ttubules. 78 Thus loss of T-tubules would remove a key component of the electrophysiological apparatus required for DAD formation; although increased surface sarcolemmal expression of NCX and/or altered Ca 2+ dependence of the exchanger could compensate for the loss of T-tubules. Nevertheless, in the absence of T-tubules any spontaneous Ca 2+ sparks or waves occurring in the cell interior would not activate NCX and thus depolarization. (Figures 1, 3, and 4) . content and thus positive inotropy has recently been described. 89 Thus in summary, atrial T-tubules not only increase the spatial homogeneity of the systolic Ca 
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Regulators of T-tubule formation
As already discussed, there is considerable inter-species and interchamber variability in the extent of the T-tubule network in the atria. Additionally, we have also alluded to considerable atrial Ttubule remodelling occurring during diverse cardiac disease states. 9, 21 Therefore, an important, and currently largely unresolved, issue is what controls T-tubule formation and whether these 'controlling' factor or factors offer potential as future therapeutic targets to correct Ca 2+ signalling abnormalities in the atria in AF or heart failure. Given the paucity of studies investigating the mechanisms of T-tubule formation in the cardiac muscle, 90 -94 we will only provide an overview of the candidate proteins involved in T-tubule formation and their potential role in disease states where T-tubule disorganization or loss is known to occur. Perhaps it is not surprising given the localization of T-tubules (generally) to the z-line that proteins thought to anchor partner proteins to the z-disc or cytoskeleton, such as junctophilin-2, amphiphysin-II, and telothionin, have been implicated in the formation of T-tubules in cardiac and skeletal muscle and trafficking of ion channels to the Ttubule membrane. 90 -93,95 -98 Alterations in the expression of these proteins are observed in disease states where T-tubules are lost or become disorganized 90,95,99,100 are consistent with a role of these putative T-tubule controlling proteins. However, a limited number of studies using gene knockdown approaches have recently demonstrated causal links between junctophilin-2, 90,100 amphiphysin-II, 91 and T-tubule maintenance with loss of T-tubules occurring on gene silencing and subsequent perturbation of the systolic Ca 2+ transient (Figure 4) .
Given the diversity of proteins and the complexity of proteinprotein interactions at the z-disc, 101 it would not be surprising if, in the future, the list of candidate proteins involved in T-tubule formation, organization, and maintenance increased considerably or additive roles were found for combinations of proteins. In addition to the proteins linked to T-tubule formation directly and the control of their mRNA expression by micro-RNAs (e.g. junctophilin-2 and Mir-24), 92 consideration also needs to be given to second messengers, e.g. phosphatidylinositol 4,5-bisphosphate 102 and intracellular kinases, e.g. phosphoinositide 3-kinases (PI3Ks). 94 Although members of the same signalling cascade, PIP 2 , and PI3K have different potential roles in Ttubule formation. PIP2 is implicated in causing conformational changes in membrane structure and thus targeting of amphiphysin-II, whereas PI3K is argued to target proteins such as the L-type Ca 2+ channel to the T-tubule and thus maintain T-tubule integrity. Clearly, therefore, our understanding of what controls T-tubule formation, organization, and ultimately turnover and loss is very much in its infancy. However, T-tubules are exceptionally plastic structures and can 'recover' following cessation of the underlying cardiac insult, e.g. mechanical unloading of the heart restores Ttubule density and normalizes Ca 2+ -transient properties. 103 As such there is cause to be optimistic that targeting T-tubule formation and turnover offers a genuine therapeutic target and novel approach to treating cardiac dysfunction that arises as a consequence of Ttubule loss in various disease states.
5. Remodelling of T-tubules in heart failure and atrial fibrillation; consequences for the systolic Ca 21 transient
A number of studies in ventricular myocytes have shown that Ttubules are plastic structures and are dynamically remodelled during various disease processes. 31,103 -105 In the ventricle, the extent of Ttubule loss and remodelling, however, is relatively mild compared with that which has recently been described in sheep atrial cells following either heart failure 21 or AF. 9 In the case of heart failure ( Figure 5 ), T-tubule loss in atrial cells is almost complete and the consequences of this T-tubule loss on the systolic Ca 2+ transient are dramatic with the Ca 2+ transient restricted to the cell periphery. 21 In AF on the other hand, the extent of atrial cell T-tubule loss and disorganization is less than occurs in heart failure and, therefore, it is not surprising that rather than being spatially restricted to the cell edges, the systolic rise of Ca 2+ occurs more diffusely throughout the cell. Importantly in AF, however, the systolic rise of Ca 2+ is considerably less uniform than occurs in control cells and the number of sites where Ca 2+ release is delayed greatly increased. 9 5.1 Transverse T-tubule remodelling: is it a cause or consequence of atrial pathology and arrhythmias?
The previous section details the loss of T-tubules in atrial cells in AF and heart failure, where AF is a common finding 1 ; however, the key Calcium signalling and T-tubules in the atria unresolved question is whether T-tubules play a role in the development of AF? The recent observation that T-tubules are prevalent in the atria of large mammals 9, 20, 21 and, as previously established, essentially absent in the atria of small mammals is potentially of fundamental importance in the pathophysiology, and as a mechanism, of AF. That this is the case arises because AF develops spontaneously in these larger species because the size of their atria is sufficiently large there is enough tissue to sustain fibrillatory rotors, i.e. the atria are larger than the wavelength of the rotor. 106 Conversely, in smaller species where T-tubules are absent, e.g., the mouse, the atria are generally held to be too small to sustain fibrillatory rotors. Given the difference in T-tubule density between atrial cells between the mouse and, for example, sheep, and the ability of the latter but not the former to develop AF this does raise the intriguing possibility that it is the presence of T-tubules that actually predisposes the atria of larger mammals to AF. However, a counter argument is that the atria of large mammals have bigger atrial cells 20 and as we have already discussed, the size of the atria is important in accommodating fibrillatory rotors and larger atrial cells have greater T-tubule density. 20 Thus, T-tubules, in this instance, may potentially be nothing more than an innocent bystander present simply because the atrial cells are larger and T-tubules are required to increase the size of the systolic Ca 2+ transient.
An additional argument against an involvement of T-tubules in the susceptibility to AF is that in heart failure T-tubules completely disappear 21 ( Figure 5A ) and, at least in canine models of heart failure, where a similar T-tubule depletion is to be expected given the presence of T-tubules in control canine atrial cells 78, 107 and the same tachypacing method of inducing heart failure, 108 ,109 the duration of pacing-induced AF is greatly increased in heart failure. 108, 109 However, in addition to the loss of T-tubules, remodelling of the atrial extracellular matrix (fibrosis) and ion channel expression also occurs in heart failure and is likely a key factor in AF induction (reviewed in 74, 110 ) , and in this case, the susceptibility to AF would be independent of the presence or absence of T-tubules. Conversely, and possibly a more likely scenario, atrial T-tubules and their remodelling in various disease states could have two separate roles in the pathogenesis of AF. First, the presence of T-tubules and distribution of NCX on T-tubule membranes 78 could increase the likelihood of Ca 2+ -dependent DADs, which could act as the initiators of AF. Then, again because ion channel subunits may be concentrated on the T-tubules as T-tubules remodel and are lost with the development of AF, this may be a major factor determining the decrease in I Ca-L , APD and thus ERP of atrial tissue and thus serve to facilitate excitatory wave front re-entry and perpetuation of AF as the wavelength of the fibrillatory rotor is reduced. Given the above arguments, the precise role of T-tubules in the initiation and subsequent maintenance phases of AF is far from clear or easily predicted. As a consequence of these uncertainties, considerable additional experimental work will be required to settle this issue. However, a key factor that should be borne in mind is that large mammals, including humans, have a well-developed atrial T-tubule network and these large mammals can spontaneously develop AF. As such, when designing experiments to investigate the pathophysiology of AF careful consideration should be given to the choice of animal model and the hypothesis being examined, i.e. the mere presence of T-tubules might be relevant to AF susceptibility, but the maintenance of AF may be more dependent on the absence of T-tubules or a reduction in their density. 
Other sites of pathology that may lead to atrial fibrillation
The foregoing review has focused on a putative role for atrial myocyte structural and Ca 2+ homoeostatic remodelling as a causative factor in the genesis of AF. However, there is well-documented evidence that 'non-atrial' regions of the atrial chambers such as the pulmonary vein myocardium may be important in the genesis of AF. 57,111 -113 The pulmonary vein myocardium appears to have a distinct ontogeny to both the atria and pulmonary vein per se, 114 and interestingly, genetic polymorphisms on chromosomes 4q25 surrounding one of the transcription factors responsible for early pulmonary vein myocardium formation, Pitx2c, are strongly associated with future AF development. 115 Moreover, compared with atrial cells, myocytes isolated from the pulmonary vein sleeve exhibit subtle differences in intracellular Ca 2+ regulation that may make them more prone to spontaneous firing and act as a focus for AF initiation. 116 Nevertheless, there is substantial incontrovertible evidence linking changes in atrial myocyte structure and cellular Ca 2+ homoeostasis to the initiation and maintenance of AF, and the important question is if these changes are prevented or reversed in atrial cells does this prevent or cure AF?
Conclusions
The major conclusion from this review is that a significant rethink of how atrial excitation contraction coupling and systolic Ca 2+ are controlled is required in light of the demonstration that atrial cells from large mammalian species, including humans, possess a well-developed and functionally relevant T-tubule network.
Summary and perspectives for cardiac dysfunction and arrhythmias
Secondary to the initial observation above regarding the required reassessment of the fundamental mechanisms of atrial excitation contraction coupling is the gleaning of the importance of atrial Ttubules and their impact on our understanding of the mechanisms of atrial dysfunction and arrhythmias in a disease setting. Currently, our understanding of the role of atrial T-tubules in contractile dysfunction and arrhythmias is rather limited to observational studies demonstrating that in both heart failure and AF there is a loss of ttubular structures from the atria and this occurs concurrently with the disease process. A pivotal future question is whether or not the loss of T-tubules is merely a consequence of the disease process or whether it is causative to the onset and progression of the disease. In either case, the obvious next issue is whether or not regeneration of atrial T-tubules corrects the associated disease process and restores normal cardiac function. We have also reviewed the potential role of atrial T-tubules in setting diastolic [Ca 2+ ] i , systolic [Ca 2+ ] i , response to inotropic manoeuvres such as b-AR stimulation and finally in arrhythmogenesis. With our current limited understanding of atrial T-tubule physiology and function, we have attempted to present a balanced view of the possible role for atrial T-tubules as either protective against arrhythmias or as a potential substrate for them. The final outcome of these deliberations will very much depend on our understanding of how ion channels are distributed on T-tubules and redistributed during various disease states; work that is relatively advanced in the ventricular field but at its infancy in the atria.
In summary, the recent description of T-tubules in the human atria strongly supports the use experimental models in larger mammals in order to provide genuinely translationally relevant opportunities to understand atrial physiological and pathological processes. It is clear that there is still much to do and exciting times lie ahead.
